An endogenous RNA-dependent RNA polymerase has been demonstrated in broccoli necrotic yellows virus (BNYV) particles. The enzyme requires a temperature of 26 °C, a pH value of 7.5, 0.5 % NP40 and 4 mM-Mg 2+ for maximum synthesis of RNA; Mn 2+ inhibited the activity. Addition of EDTA to the reaction mixture did not stimulate the activity in the presence of higher amounts of Mg 2+. The in vitro transcription products of BNYV hybridized to the virus genome, but not to that of lettuce necrotic yellows virus (LNYV). The transcriptase activity was abolished by centrifugation on a glycerol gradient after treating the virus with NP40 in a high salt solution; combining the pellet and the upper part of the gradient restored the activity. Cross-complementation of BNYV and LNYV transcription could not be obtained by heterologous combination of the pellet and supernatant fractions of the two viruses.
INTRODUCTION
RNA-dependent RNA polymerases which transcribe virus RNA into mRNA have been shown to be associated with rhabdoviruses (Wagner, 1975) . Activity of such enzymes has been detected in most if not all of the better studied rhabdoviruses infecting animals (Baltimore et al., 1970; Aaslestad et al., 1971; Chang et al., 1974; Roy et al., 1975; Kawai, 1977; McAllister & Wagner, 1977; Flamand et al., 1978; Roy & Clewley, 1978) , but so far only in one plant rhabdovirus, lettuce necrotic yellows virus (LNYV) (Francki & Randles, 1972; Toriyama & Peters, 1980) . Attempts to establish the presence of such activities in other plant rhabdoviruses such as potato yellow dwarf virus, Sonchus yellow net virus and sowthistle yellow vein virus (R. In this paper we report the detection of an RNA polymerase in the particles of broccoli necrotic yellows virus (BNYV), a rhabdovirus whose protein structure closely resembles that of vesicular stomatitis virus (VSV) and LNYV (S. Toriyama & D. Peters, unpublished results) . These observations prompted us to investigate the relationship between BNYV and LNYV in a reconstitution experiment, in which the transcription activity of the two viruses was studied in homogeneous and heterologous mixtures of the dissociated and separated components, and by RNA-RNA hybridization experiments.
I" Present address: Laboratory of Plant Pathology, Faculty of Agriculture, University of Tokyo, Bunkyo-Ku, Tokyo 113, Japan. Lin & Campbell (1972) did not yield pure preparations in our hands, the virus was purified by a modification of the procedure used for sowthistle yellow vein virus (Peters & Kitajima, 1971) . About 80 g of infected leaf material showing clear mosaic and necrotic spots was harvested 12 to 14 days after inoculation and ground in 150 ml 0.1 i-tris-HCl buffer pH 7.5. The homogenate was centrifuged for 5 min at 6000 g in a Sorvall 34 rotor after straining through cheese cloth. The supernatant was mixed with approx. 10 g celite (Hyflo Supercel, Serva, Heidelberg, F.R.G.) and filtered through a celite pad of 1 cm thickness and 10 cm diam. To sediment the virus, the filtrate was centrifuged for 1 h at 23 500 g. The pellets were resuspended in 20 ml buffer, and the suspension was subjected to another cycle of celite filtration using a pad of 6 mm thickness and 6 cm diam. and centrifuged at 23 500 g. The virus was further purified on a linear 5 to 35 % sucrose gradient for 30 min at 25 000 rev/min (SW27.1, Spinco) and then on a gradient of 30 to 60% sucrose for 2 h. The virus band was collected with a syringe and the virus was pelleted for 30 min at 80 000 g after dilution of the suspension with buffer. The virus was suspended in a small volume of 0.02 M-tris-HCl buffer pH 7.7. The particle morphology was better preserved in glycerol than in sucrose gradients. However, virus preparations from sucrose gradients contained less non-specific RNA polymerase activity.
Preparations of LNYV were obtained by a similar procedure in which 0.1 M-tris--maleate buffer pH 7.4, containing 0.1% bovine serum albumin (BSA), was used for extraction of tissue and the clarified virus suspension was only subjected to the first celite filtration (Toriyama & Peters, 1980) .
Assay of transcriptase activity. The standard assay mixture (300 al) contained 15/tmol tris-HC1 pH 7.7, 30 amol KCI, 12 amol MgCl2, 1 gmol 2-mercaptoethanol, 0.2 #tool each of ATP, CTP and GTP, 0.02 pmol UTP and 3 pCi [3H]UTP (148 pCi/amol, The Radiochemical Centre, Amersham) and 0.32% Nonidet P40 (NP40) kindly provided by Shell Chemicals. The mixtures were incubated at 26 °C for 1.5 h. Two duplicate samples of 120 pl were removed and the reactions stopped by mixing with 3 ml cold 10% trichloroacetic acid (TCA); 50 pl BSA (1 mg/ml) was added to each mixture. After 45 min at 0 °C the acid-insoluble precipitates were collected on Whatman GF/C filters, washed with 20 ml cold 5% TCA, 40 ml cold 0.5% TCA and 2 ml cold ethanol. The filters were dried and the radioactivity measured in a Packard scintillation spectrometer using 7 ml of Insta-Fluor cocktail (Packard Instruments).
Isolation of viral and 3H-labelled RNA. Viral RNA was extracted with buffer-saturated phenol containing 10% m-cresol and 0.1% 8-hydroxyquinoline. After three phenol extractions, the aqueous phase was extracted five times with 2 vol. ether and the RNA was precipitated at -20 °C by the addition of 2.5 vol. 100% ethanol. The precipitate was collected by centrifugation for 15 min at 6000 g and suspended in distilled water.
RNA was transcribed in vitro by the virus particles under conditions described in the results. After incubation for 90 min the assay mixture was freed of nucleocapsids by centrifugation for 1 h at 41000 g. The mixture was made 0.5 % with respect to SDS and extracted at 4 °C with phenol saturated with 20 mM-tris-HC1 buffer pH 8.5, containing 10 % m-cresol and 0.1% 8-hydroxyquinoline for 30 min. The aqueous phase was collected and the 3H-labelled RNA was precipitated at -20 °C by the addition of 50 pg yeast RNA as carrier and 2.5 vol. 100% ethanol. The RNA centrifuged into a pellet was dissolved in 300 #1 0-02 M-tris-HC1 buffer pH 7.6, containing 1 mM-EDTA and 0.1% SDS. Residual [3H]UTP was removed by a passage through a Sephadex G50 column. The RNA was eluted with 0.02 M-tris-HC1 buffer pH 7.6, containing 1 mM-EDTA and 0.1% SDS, concentrated by ethanol precipitation and centrifugation, dissolved in distilled water and stored at -20 ° C.
Hybridization. Viral RNA and 3H-labelled product RNA were annealed in 2.5 x SSC (SSC is 0.15 M-NaCI and 0.015 M-sodium citrate pH 7) containing 1 mM-EDTA for 4 h at 65 °C. The preparation was then chilled and divided into two equal portions, one of which was treated with 20 pg RNase A and 10 units RNase T1 for 30 min at 25 °C. The undigested RNA was precipitated with 10% cold TCA by the addition of 50/~g BSA and 50/~g yeast RNA. The acid-insoluble radioactivity was assayed as described above.
Analysis of the RNA synthesized in vitro. The 3H-labelled product RNA was analysed on 2-5 % polyacrylamide gels containing 0-1% SDS. The viral RNAs of cowpea chlorotic mottle virus, kindly supplied by Dr B. J. M. Verduin, were used as markers. After electrophoresis for about 1 h, the positions of the marker molecules were determined by scanning at 260 nm. The gel was then frozen and sliced into 1 mm sections. Each slice was dissolved in 0.5 ml 30% hydrogen peroxide and 50/4 aqueous ammonia at 40 °C. The water was evaporated by incubating each vial for about 3 h at 60 °C. Ten ml of a scintillation solution (Hydro Luma; Packard) was added and the radioactivity was assayed after storage overnight at 0 °C in the dark.
Dissociation and reconstitution of transcriptase activity. The virus particles were dissociated by mixing 125/A purified virions in 2 x TD buffer (TD is 20 mM-tris-HC1 pH 7.6, 3.5 mM-dithiothreitol) containing 10 mM-EDTA, 25/A 60% glycerol, 25/A 12% NP40 and 125 ~1 3 M-NaC1 in this order. After 30 min at 4 °C, 300/A TD buffer was added. The disrupted particles were layered on a cushion of undiluted glycerol in the tubes of the Spinco SW50.1 rotor, and centrifuged for 90 min at 40000 g. After centrifugation the top of the glycerol cushion was removed and dialysed against 0.25 x TD buffer containing 10% glycerol overnight at 4 °C. The pellet was dissolved in 200/A 0.02 M-tris-HC1 buffer pH 7.7, and stored in 30% glycerol at 4 °C.
RESULTS

Characterization of BNYV transcriptase activity
The presence of a virion RNA-dependent RNA polymerase in BNYV was demonstrated by using the incorporation of [aH]UTP into an acid-insoluble product to monitor de novo RNA synthesis. Omission of each of the three unlabelled ribonucleoside triphosphates from the reaction mixture almost completely suppressed the incorporation of [aH]UMP (Table 1) . The BNYV transcriptase requires Mg 2+ for its activity, and the optimum concentration is 4 raM; raising the Mg 2+ concentration to 8 mM caused a decrease in enzyme activity (Fig. 1 a) . Addition of EDTA (2 raM) to the reaction mixture shifted the optimum concentration of Mg 2+ to 6 mM ( Fig. 1 a) , but this shift did not result in an increase of [3H]UMP incorporation as has been shown for LNYV (Toriyama & Peters, 1980) . Mn 2+ could not replace Mg 2+ (Table 1) and addition of Mn 2+ to the reaction mixture containing 4 mM-Mg 2+ almost completely inhibited [3H]UMP incorporation.
Actinomycin D had no effect on the level of incorporation, whereas a slight increase was noticed in all experiments when rifampicin or DNase were added to the reaction mixture. Almost no incorporation occurred in the presence of RNase (Table 1 ). The enzyme was equally active in reaction mixtures containing KCI or NH4C1 with optimum concentrations of 100 mM but the enzyme was less active in NaCI. A 2-to 2.5-fold increase in RNA synthesis was found when KCI was replaced by potassium acetate with an optimum concentration of 400 mM (Fig. 1 b, c) .
To measure the temperature effect on the polymerase activity, the time course of RNA synthesis was determined at temperatures ranging from 0 to 34 °C. There was no incorporation at 0 °C but at the other temperatures the incorporation of [aH]UMP was linear for 60 to 90 min depending on the temperature tested (Fig. 2a) . The RNA synthesis was optimal at about 26 °C. Degradation of product occurred during the incubation at 34 °C and a slight degradation was noticed in the reaction mixtures at the end of the incubation at 30 °C (Fig. 2 a) . The effect of various concentrations of NP40 on the transcriptase activity of BNYV was determined. Optimum enzyme activity was obtained in reaction mixtures containing 0.5 % NP40, indicating that the transcriptase of BNYV requires a higher detergent concentration for optimum activity than does LNYV transcriptase (Toriyama & Peters, 1980) . Concentrations of detergent higher than 1% caused an increasingly inhibitory effect on the enzyme activity. No activity was found upon omission of NP40 from the assay mixture. The transcriptase could also be activated with Triton X-100. Fig. 2 (b) demonstrates that the RNA polymerase of BNYV is an integral part of the virion. The polymerase activity co-sediments in gradients with virus particles as detected by absorbance. (0) and BNYV particles (absorbance, O) in a 10 to 40% sucrose gradient after centrifugation for 45 min at 37 500 g. Each fraction contained eight droplets and 50 ~1 was assayed for transcriptase activity. Centrifugation was from right to left.
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Size of the RNA synthesized in vitro The sizes of the in vitro reaction products were investigated by polyacrylamide gel electrophoresis. As can be seen in Fig. 3 the RNA product migrated as a heterodisperse band with several peaks, but the pattern was different from one experiment to another. In all cases the mol. wt. ranged from about 8 x 105 to 0.5 x 105 with a mean mol. wt. at about 2 x 105. The peak occurring at the top of the gel could be aggregates of [aH]UMP-labeUed product RNA. A similar peak, which disappeared when the sample was heated before analysis, was found in the analysis of LNYV product RNA (Toriyama & Peters, 1980) .
Characterization of the 3H-labelled product synOtesized by BNYV
The results presented in the previous two sections strongly suggested the occurrence of a polymerase in BNYV, which is activated on dissociation of the particles by NP40. The nature of the all-labelled product, which had been extracted by phenol after removing the nucleocapsids by centrifugation, was studied by annealing experiments. Table 2 shows that almost all the RNA synthesized in vitro was sensitive to RNase. When this RNA was annealed to viral RNA, 82 % of the counts were resistant to RNase and no self annealing of the product was observed.
When increasing amounts of 3H-labeUed RNA were annealed to excess unlabelled virus RNA, approx. 90 % of the labelled product RNA became RNase-resistant, showing clearly that most of the synthesized RNA was virus-specific. Table 2 shows that hybridization of in vitro synthesized BNYV product RNA with RNA of BNYV resulted in 82 % resistance to RNase, whereas only 0.2 % became resistant when it was hybridized with LNYV RNA. There was no evidence of hybridization between LNYV product RNA and BNYV RNA (Table 2 ). These results show that little or no nucleotide sequence homology exists between the virus genomes of the two viruses. Reconstitution of transcriptase enzyme activity of BNYV and LNYV Emerson & Wagner (1972) and Toriyama & Peters (1980) showed that transcriptase activity can be reconstituted after solubilization and separation of the nucleocapsid and solubilized protein components derived from VSV and LNYV respectively. In experiments with BNYV no enzyme activity was detected in the fraction containing the solubilized protein components (Fig. 4a) . The pellet fraction, consisting mainly of nucleocapsid material, contained some activity. This activity was enhanced about 5 times when the solubilized protein fraction was added. The recovered specific activity was about 80 % of the initial virus activity. The activity of the BNYV pellet fraction was not enhanced on heterologous reconstitution with the LNYV solubilized fraction (Fig. 4 a) .
Dissociation of the transcriptase activity of LNYV resulted in a complete loss of activity in the template and solubilized protein fractions when assayed alone. An essentially complete recovery of activity has been obtained for this virus after homologous reconstitution (Fig.  4 b) . Replacement of the LNYV template by that of BNYV did not result in a reconstitution of the transcriptase activity. These results indicate that the transcriptase activity of both viruses can be dissociated and reconstituted in the homologous combination. No reconstitution has been found with a heterologous combination of the template and solubilized protein components of both viruses.
DISCUSSION
The experiments dcscribed above show that BNYV, a plant rhabdovirus, possesses RNA transcriptase activity like LNYV and a number of animal rhabdoviruses (Chang et aL, 1974; Roy & Clewley, 1978; Toriyama & Peters, 1980 ). Our conclusion is based on the observation that (i) the transcriptase activity co-sedimented with the virus in sucrose gradients, (ii) the enzyme is activated after dissociation of the virus particles by non-ionic detergents, (iii) the product is sensitive to RNase, and (iv) the synthesized product is complementary to BNYV RNA. The transcripts vary in tool. wt. between 8 x 105 and 0.5 x 105, indicating that they may be smaller than BNYV RNA, which has a mol. wt. of approx. 4 × 106. No significant differences have been found between optimum conditions for the enzyme activities associated with BNYV and LNYV (Toriyama & Peters, 1980) . The transcriptase activities of both viruses require approximately the same concentration of NP40, Mg 2+, salts, and physical conditions such as temperature and pH. When K + ions were added as acetate salt, RNA synthesis was optimal at 400 mu and displayed a higher rate of [3H]UMP incorporation than when the optimum KC1 concentration was used. A similar observation has also been made for LNYV (results not shown). Chloride ions are also deleterious to the transcriptase activity of VSV (Breindle & Holland, 1976) .
Inclusion of 2 mM-EDTA in the reaction mixture was required for optimum transcription of LNYV RNA (Toriyama & Peters, 1980) . The transcription of BNYV RNA was not stimulated by EDTA, suggesting that either the template of BNYV may be rather stable in the reaction mixture (Michalski et al., 1976) or that the purified preparations do not contain divalent ions which may have an inhibitory action on the transcription.
After dissociation by a non-ionic detergent in a high salt environment the transcription complex of BNYV could be separated by gradient centrifugation into two inactive fractions; the activity could be restored by combining these fractions. In this BNYV behaves similarly to LNYV (Toriyama & Peters, 1980) and four viruses of the VSV subgroup of rhabdoviruses (Emerson & Wagner, 1972; Bishop et aL, 1974) . This is in contrast with rabies virus, the transcriptase complex of which is not completely dissociated (Kawai, 1977) .
The [3H]UMP-labelled RNA products synthesized in vitro after activation of BNYV did not hybridize with LNYV RNA, indicating that there exists little or no nucleotide sequence homology between the two viruses. Furthermore, heterologous recombination of the transcriptase and nucleocapsid fraction failed to restore transcriptase activity. Thus, we conclude that the viruses are not closely related.
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